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EXECUTIVE SUMMARY

The objective of this project was to assess the efficacy offpegjround treatment in mitigating
erosion and runoff on soil slopes subjected to wildfires. This objective was achieved through
physical slopanodel experiments and discreiement methodDEM) modeling.The effects of
soil surface vegetation burning and straw mulch application on runoff and erosion of soil surfaces
was evaluated using a laborat@gale slopenodel experimentRainfall simulations were
conducted on intact block samplesttwinatural vegetation, burned vegetation, and burned
vegetation and straw mulch applied as ground cdver.amount of runoff and erosion increased
with a decrease isoil surface vegetatiorRemoval of surface vegetation viarhing did not
diredly increase runoff, but dithcrease erosiompplying straw mulch tahe surface of a burned
block sample reduced runoff rates and sediment concentrations relative to buokesbbiples
without ground cover. This phenomenon was attributed to the ability ofrthend cover to
dissipateraindrop impactenergyand temporary store precipitation. Straw mulch also reduced
erosion via acting as a barrier to entrap dislodged soil particlegrirmgdownslopenovement

The ash layepresenbn burned soil surfaces thdigh infiltration capacity and acted as a
water storag layer. A hydrophobic layedentified below the ash layer on the burned saifaces
prevented water infiltration from the wettable ash layer deeper into the soil, which increased runoff
from burnad samples during subsequeainfall simulatiors. Straw mulch helped protect the ash
layer from eroding during rainfall simulations, which helped maintain the ability of the ash layer
to provide water storag&eotechnical property tests were also condleteunburned and burned
subsamples to evaluate changes in physical characteristic and hydraulic and mechanical properties

due toburning. hanges in soil physical characteristics and hydraulic and mechanical properties



with high severity burning were nfiiund in ths study. Similarities idry density, organic matter,

field saturated hydraulic conductivity, and shear strength between unburned and burned soil
samples sugge=t thatincreases in erosion on burned samples during rainfall simulations could
beattributed to destruction of surface cover with burning.

Discrete element method modeling wesmpleted on 2limensional (2-D) and 3
dimensional(3-D) particleassemblieshat included different arrangements of reinforcements to
the development ofoots within over time in a burned soilhe DEM simulations represeut
idealized assentiles of particles and aided in the evaluatiosaif behavior at a particulate level
More pronounced particldisplacements and larger percent sediment yields kezbwith higher
drag forcesapplied to the particle surfaces that represerfastier overland flow.Root
reinforcementsn all 2-D and 3D DEM simulationshelped inhibit particle movementeduce
sediment yields, and stabilizéhe slopesAn Increase inthe amaint of root reinforcementvhich
simulatedroot growth @er time after a fire, decreaspdrticle mayement angediment yieldin
general, steeper slopes were associated with larger particle mowarddatger sediment yields

than less steep slopes sulgecto the same drag forces.

IMPLEMENTATION STATE MENT

The lessons learned in the study can be usednitigate the effects of posire conditions
contributing to erosion, runoff, and potential debris floBased on the research and analyses
presented trein, the following recommendations were developed for CDOT:s{iface
vegetation of posburned soil slopes should be evaluated immediately following a wildfire and
areas with higkburn severity (e.g., surface vegetation completely removed via busstog)d

have ground treatment applied to mitigate erosion and ruiipfstraw mulch used as a ground



cover should be applied at a rate of at least 0.06%g/meduce erosion to conditionsate to
in-tact vegetation; and (iii)eeding should bapplied along with ground cover application to
promote reestablishment of surface vegetation to miggatosion and runoff loagerm. These
recommendations apply to hidfurn severity ground conditions, straw mulch as the ground
treatment, and a prectption event consistent with that evaluated in this study & 50, mm/h).
Although seeding was not directly evaluated in this study, the similarity in erosion (i.e.,
sediment yield) between block samples withtdnt vegetation and straw mulch supptire
recommendation that seeding should be implemented concurrently with ground cover to promote
re-growth of surface vegetation. The only ground cover evaluated in this study was straw mulich,
and thus, the minimum recommended surface application rat@@kg/nt applies to straw mulch
and was based on the experiments outlined herein. Other ground covers (e.g., wood chips,
hydromulch) or application rates may be equally effective the straw mulch application rate
recommended herein; however, additioeating may be needed to determine the effectiveness of

a given ground cover for select slope conditions and anticipated precipitation events.
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CHAPTER 1: INTRODUCTION

1.1 Background
1.1.1Wildfires in Mountain West States

Wildfires are a natural phenomenon in Colorado anavsstern U.S., and the frequency of large,
destructive wildfires has increased over the past decade and is forecastedse idaesto climate
variability and fuel accumulation from fire suppressidatDonald and Larsen 200Robichaud

et al. 2010. Potential damage to the human and built environments is not only associated with
burned lands, homes, and infrastructure during a wildfire, but can extend for years following a
wildfire in the form of inceased runoff from precipitation, soil erosion, and debris flows.

The wildlandurban interface is defined as the area where human development is close to, or
within, natural terrain. With more than two million Coloradoans now living in the wildiabdn
interface, the protection of lives, infrastructure, and municipal water sources from negative effects
of wildfire is critical. There are many social and economic costs imparted by wildfires, including
fire mitigation and suppression, property loss or redadti home values, loss of tax revenue, and
injuries or loss of life (Fried et al. 2004; Graham et al. 2011). Millions of taxpayer dollars are spent
to suppress and control large fires. Millions more are spent in attempts to stabilifieepssit
condiions that can lead to mass erosion and debris flows that can damage roads and property, and
degrade soil and water resources.

The suppression cost for the High Park Fire that occurred during the summer of 2012 in Larimer
County, Colorado was approximatéig9.2 million. An estimated additional $24 million will be
needed to address emergency stabilization treatments and treatments for public roads and private
lands. County roads, CDOT highways, forest service roads, and private roads in the High Park

burn aea totaled 332 knf206 miles)and nearly 32,380 hé0,000 acreswere considered
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moderate to high soil erosion potential (BAER 2012). The 1996 Buffalo Creek fire in Colorado
caused over $20 million in damage toithBrenverd
increase in wildfire frequency and burn area in Colorado, understandinfirpasiil conditions

is becoming increasingly important to ce$tectively protect critical infrastructure and resources.

1.1.2 Wildfire Effects on Soil Properties

Runoffand soil erosion are both inversely related to the infiltration capacity of a soil. Infiltration
capacity depends on the amount of ground cover, amount of soil organic matter, and presence of
soil water repellency. Greater levels of organic matter inerpasosity, which increases water
storage capacity in soil. Higher amounts of surface roughness create longer flow pathways, which
increase the amount of time water has to infiltrate the soil. Thus, ground cover can increase
infiltration by increasing sugice roughness and organic matter that can prevent soil sealing and
mitigate soil detachment, which combine to reduce erosion and runoff. The erodibility of a soil is
dependent on infiltration capacity and the ability of soil particles to resist detacfWiscthmeier

and Mannering 1969). The ability of soil particles to resist detachment is largely dependent on
particle size and the presence of detaching agents such as raindrops and surface flow (Morgan
2005).

Infiltration capacity and ability to resist pigle detachment can be altered by modertaténigh

severity wildfires. Wildfires often decrease infiltration capacity by increasing soil dry density
through aggregate breakdown (Moody and Martin 2001; Moody and Martin 2009; Ebel et al.
2012), increasingoil sealing by sediment and ash particles following loss of surface cover (Neary
et al. 1999; Larsen et al. 2009), and forming a water repellent layer near the soil surface (DeBano
2000; Doerr et al. 2000). Soil particle detachment increases followildfae due to loss of soil

cover and increased propensity for raindrops to impact and subsequently mobilize soil particles
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(Morgan 2005). These aforementioned factors, along with other changes in soil physical
characteristics and hydraulic and mechanpraperties, result in increased runoff and sediment

yield following moderateto high-severity wildfires.

1.1.3 PostFire Ground Treatments
The United States Department of Agriculture (USDA) Forest Service Burn Area Emergency

Rehabilitation (BAER) is théormal authority for postire response and rehabilitation measures.
The goals of BAER are to (1) minimize the threat to life and property onsite or offsite; (2) reduce
the loss of soil and onsite productivity; (3) reduce flooding potential; and (4)arel@berioration

of water quality (Neary et al. 2009). To accomplish these goals, BAER teams prescribe hillslope,
channel, and/or road treatments. In the past decade, spending-firepgosatment has increased

due to the threat of debris flows and erasiear the growing wildlandrban interface (Robichaud

et al. 2000). However, analysis of Burned Area Report forms from over 470 fires estimated that
for every dollar spent on peBte treatments, up to $200 is saved from losses.

Hillslopes are the critel source area for damaging surface runoff and debris flows (MacDonald
and Robichaud 2008). Hillslope treatments are implemented to immediately reduce surface runoff
and erosion on hillslopes by stabilizing the soil, reducing raindrop impact, promoiltrgtion,

and/or trapping sediment (Robichaud et al. 2000). Broadcast seeding, seeding plus fertilizer,
mulching, contouffelled logs, contour trenching, scarification and ripping, temporary fencing,
erosion mats, straw wattles, slash scattering, sittefengeotextiles, and sand bags are all BAER
hillslope treatments. Although certain treatments are known to be more effective than others, the
effectiveness of each treatment is dependent on characteristics of the fire and factors unrelated to
the fire evat. The posfire response and treatment effectiveness rely on fire characteristics such

as burn severity, soil burn severity, amount of bare soil, soil water repellency, soil erodibility, and
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time since the fire. Factors independent of the fire evengtleatly impact the effectiveness of a
given ground treatment are rainfall intensity, topography, and land use (Neary et al. 2005;
MacDonald and Robichaud 2008; Robichaud et al. 2010). Considering that all aforementioned
factors influence treatment effeaness, the factors will also influence pfisd erosion (i.e.,
sediment yield).

Until the 21st century, broadcast seeding was the most commefirpashabilitation treatment.

This treatment is typically applied aerially and is used to promote rag&tateon establishment

and infiltration to stabilize the soil through plant roots. Seed mixes commonly include legumes to
fix nitrogen and native and nemative annual and perennial grasses. Some native species
commonly used for podire stabilization tratment in Colorado are Canby bluegrd®sa canby),

slender and streambank wheatgrdsiyrous genys and green needlegragsassella viriduld.
Common nomative or invasive species used are white datefa sativg mountain brome
(Bromus marginatys and ldaho fescue Hestuca idahoensis(Bruggink 2007). Although
broadcast seeding is casffective, noanative species can delay the recovery of natural flora and
alter the ecosystem (Baron 1962; Anderson and Brooks 1975; Elliot and White 1987; Conrad et
al. 1991).

Bruggink (2007) reported that burned, unseeded plots following the Buffalo Creek Fire in
Colorado had higher total species richness than burned plots treated with aerial seeding.
Furthermore, studies have shown that grass seed application does not rosigodicant
increase in ground cover during the first year after a fire event, which is considered the critical
year (Roby 1989; Robichaud et al. 2000; Beyers 2004; Robichaud et al. 2013). Seeding becomes

effective in erosion control through-establising vegetation, which typically requires at least
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two years after the fire event. Some seeding treatments also include the application of fertilizers
to promote germination and rapid vegetation growth.

Mulching is increasingly becoming a preferred gost rehabilitation treatment for land
managers. Mulching is a popular treatment option because, like broadcast seeding, mulch can be
applied aerially instead of only through grotipaksed dispersal. Aerial treatment application is
viable for otherwise inaccsible areas. Studies on multiple fires indicate that mulching is the most
effective posfiire rehabilitation treatment because ground cover is immediately established
(MacDonald and Larsen 2009). Agricultural straw mulch and waassed mulches are commonly

used to protect the soil surface from raindrop impact and promote infiltration. Many studies have
reported that agricultural straw mulch and wdiased mulches considerably reduced fiost
sediment yield at low cost (Bautista et al. 2009; Robichaud, 20@fosek et al. 2006; Foltz and
Copeland 2009; Foltz and Wagenbrenner 2010).

In recent years sustainability and environmental impacts associated with human actions have
gained attention. Common erosion control practices, such as aerial applicationufiagtistraw

mulch, may be recognized as potentially harmful to the ecosystem. Agricultural strawnistiven

and can introduce nemative species, which inhibit qgrowth of native vegetation (Foltz and
Wagenbrenner 2010). There have been instanceswd even certi fied Aweed
noxious weed seeds. This occurred with straw used in thdimpseatment of the Hayman Fire

in Colorado (Robichaud et al. 2003). Although using agricultural straw as-firpastabilization
treatment isdss expensive than other mulches, straw mulch requires weed monitoring years after
the treatment application, which can be expensive (Robichaud et al. 2013). Thus, mulches that are

locally-sourced and cosdffective are considered viable alternatives tavgtmulch.
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1.1.4 LaboratoryScale Slopé/odel Experiment

Over the past few decades, numerous studies have been conducted to dailudke
effectiveness of podire ground treatments in mitigating runoff and erosion and mechanisms of
postfire increaes in runoff and erosion (e.g., Larson et al. 2009; Foltz and Wagenbrenner 2010).
Although past studies have considered simulated rainfall, disturbed soil samples, and in situ burned
soil samples, among other factolsnited laboratory experiments haveedn conducted on
undisturbed soil samples with simulated rainfall to represent natural precipitation events. Few
runoff and erosion studies analyzing pbst ground treatments on burned soil have included
unburned soil samples as well (e.g. Foltz and &dagenner 2010).

Foltz and Copeland (2009) conducted laboratory rainfall simulations on unburned, remolded soil
samples to evaluate the efficacy of woods shreds for mitigating erosion. Rainfall was simulated
using a Purdugype rainfall simulator where males are used to achieve desired raindrop
velocities. They found that increasing wood shred cover increased the time to runoff, reduced the
runoff rate, and reduced the sediment delivery rate for a sandy loam soil when compared to a bare
plot. Although eah increase in wood shred coverage resulted in significantly less sediment loss,
they suggested that 30% coverage would be sufficient to limit erosion. Foltz and Wagenbrenner
(2010) conducted a similar study but evaluated wood shred performance on lmiisidgusned

soils were collected from a recently burned area, and samples were remolded with the ash mixed
throughout the soil profile. They found that wood shreds were useful in mitigating erosion and
runoff on burned soils and suggested that the iseckaurface roughness imparted by the wood
shreds decreased the runoff energy, therefore, decreasing the sediment yields.

Larsen et al. (2009) and Woods and Balfour (2008) found that the ash layer created from burning
was important in reducing runoff amiosion during rainstorms. Larsen et al. (2009) conducted

rainfall simulations using a Purdigpe rainfall simulator on field and laboratory plots of
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unburned and burned soil. The results indicated that increases in erosion following a wildfire were
primarily due to the loss of ground cover rather thanifiiduced changes in soil properties. They

also suggested that the ash layer reduced runoff and erosion by protecting the mineral soil surface
from sealing. Woods and Balfour (2008) conducted rainfallutions using an oscillating
nozzletype rainfall simulator on field plots of burned soil with and without an ash layer. The
results suggested that the ash layer reduced runoff and erosion by providing additional water
storage and by preventing soil sagli Both studies addresstdee susceptibility of ash layets

eventual erosion by rain and wind, suggesting that ash may provide reductions in runoff and

erosion for only a short time following a fire.

1.1.5 Modeling Particulate Behavior

The two primary methods usetb model particulate behaviare continuum based approaches
(Eularian)and discrete based approackieagrangian)(Bossy and Safuryn 2016A\n example

comparing the geometries of a continuum model and a discrete model is shown in

CONTINUUM DISCRETE

77
"/
S

Figurel. Continuumapproacheassumehatthe material is continuous and all space is filled with

21



matter individual particle behaviors ignored Discreteelement modelingepresents granular
matter as an idealized assembly of partielék overall macroscopic behavior resagi from the
collectionof all particle interactionsThe choice between continuum agidcrete modeling will
depend on the particulaystem being simulatedutdiscrete modeling is preferred when modeling

granular, discontinuous flo@Bossy and Safuryn 2016)

CONTINUUM DISCRETE
/ﬂ /ﬂ A
/ / / I
Figure 1. Example system geometry modeled with both a continuum approach and a
discrete approach Arrows show example resultant forces on a continuous material with

specified areas in a grid (continuum) and on indiidual particles (discrete) (Bossy and
Safuryn 2016)

There areadvantages and disadvantages for both continuum and discrete modeénguairh
advantage of continuum modeling is thed larger volumes are modeled, continuum modelling
quickly becomes much more computationally effiti¢han the discrete modelirgpunterpart
(Coetzee 2014)Disadvantages includdifficulty in decidingon a constitutive law that will
accurately represent the mechanics of the systeiwe he constitutive lawdor continuum
modelingcan be very compleand contain many provisiahparameters and equations (Cundall

2001) Also, because the matter is mastehs a continuupnather than as individual particles free
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to move anywheregapturing localized behavian a continuum model that uses a mesh can be
difficult. The development of shear bandsaisexample of this behavior (Cundall 2001)
Someadvantagse to discrete modelingre that the equations between particles are not coupled, the
math is fairly straight forard, and the methodan be used to study the micromechanics of
materials at the element level. Origadlvantage to discrete modeling is thalgses catbecome
computationally expensivaith an increase intotal number of particles in simulation For
example, ® accurately represent macroscopic behavior of a granular material, a large enough
volume of the material must be modeleaid a relatively small volume of sowvill contain a
relatively largenumberof particles Therefore, a balance need®é&achieved in discrete modeling
where enough particles are modeled to accurately represent the macroscopic behavior while
maintaining a reamable number gfarticles to keep the analyses to realistic computational times.
The most persuasive explanations diging discrete modelingre that macroscopic (andlearly
microscopic) behawr of a particulate systedepemnls on particle level behaviand thismethod

accurately modelmdividual interactions between patrticles.

1.1.6 The Discrete Element Method
The discrete element meth@EM) c an b e darfuimania@ldnethosl thadt simulates the

response of granular materials considering theviddal particles to be rigid and uses relatively
simple modelgo simulate their interactiong O6 Su | | i. Ved anoth2@dtahtage oDEM
modeling is thaparticlescale interactions can be monitotkdt cannot beneasured in laboratory
tests This is especially true in the geomechanics field, where laboratory testing is liraited
obtaining an undisturbed soil sample is difficult. Even when an undistudiedasnple is
obtained, measuringarticle orientations and rotations is extremely difficult in laborator test

whereas this is a straigfdrwardtask in DEM simulations. DEM modeling has the advantage of
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capturing the dual nature of granular materials, which can behave both like @sbh fluid, and

then transforming these actions into the bulk behavior of the material. Specifically for the research
in this report DEM modeling from a geomechanics viewpoint is the primary focus, particularly
for applications in soil mechanics anelagechnical engineering. However, DEM modeling is used

in several different fields, including food technology, chemical engineering, geology, powder
technology, physics, mining engineering, and other fields concerned with matgr@isesat a
particulates cal e (O6Sul livan 2011)

Most DEM simulationsin geomechanichave been completed using commercial or open source
codes. The first commercial code developed for tdieensional DEM simulations is Truba
(Cundall and Strack 197@)nd the most common tlerelimensional commercial codes currently
used, which are altered adaptionsasoh d ¢l osely | i nked t mcluder ubal
PFC3D and EDEM. Common open source DEM codes include LIGGGHTS,-E&yiSle,

YADE, and OVAL. The research performed heitfers from most published DEM analyses in

that commercial or open source code was not,ws®dl an original discrete element model was
written in Fortran coding languagand analyses were performed using capabilities of a high
performance computing sysh. Using computationally rigorous calculations of large numbers of

patticles will improve theability to predict soil behavior in the field.
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A general descriptiof the codeand order of calculations during each time step is shown in

Define system geometry,
contact model, and boundary
conditions.

Identify contacting particles
and calculate contact forces.

Enter next time step and
update boundary conditions
if required.

Calculate resultant force on
each particle.

Calculate particle
accelerations using resultant
forces.

Update particle positions.

Calculate particle
displacements and rotations
using velocities.

Integrate accelerations to
calculate particle velocities.

Figure2. First,the system geometry, contact model, and boundary condérerdefinedFa the
first time step,contacting particlesre identifiedusing a contact dection algorithm and the
correspondingontact forcesre calculatedising the defined contact mod&he resultant force
acting on each particle, including body forces and external foisesalculated Particle
accelerationsare calculatedusing the esultant forcesThe accelerationsre integratedo
determine particle velocitieBRarticle displacements and rotaticare calculated by integrating the

velocities. knally, the particle positionare updated antiése steps are then repeated for thé nex
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time step wheréhe user mapeed to revise the boundary positions as requiiried circular arrow

Define system geometry,
contact model, and boundary
conditions.

Identify contacting particles
and calculate contact forces.

Enter next time step and
update boundary conditions
if required.

Calculate resultant force on
each particle.

Calculate particle
accelerations using resultant
forces.

Update particle positions.

Calculate particle
displacements and rotations
using velocities.

Integrate accelerations to
calculate particle velocities.

path of

Figure2 represents the time step process
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Define system geometry,
contact model, and boundary
conditions.

Identify contacting particles
and calculate contact forces.

Enter next time step and
update boundary conditions
if required.

Calculate resultant force on
each particle.

Calculate particle
accelerations using resultant
forces.

Update particle positions.

Calculate particle
displacements and rotations
using velocities.

Integrate accelerations to
calculate particle velocities.

Figure 2. lllustrative representation of the calculation steps performed in a DEM
simulation.

As with most numecal models, EM model is an idealization of@hysical systentherefore
several assumptionseamade to complete the analyses. As previously mediccomputational
cost is aconcern for DEM analyses, slere exists a tragaff between computational cost and
physral practicality. An assumption made in the DEM analyses of the research presented here
is that the particles simulated are perfectly sphericalidrartregularities exist in naturaoil;
however, pheres are the simplest to use computationally lseceaiculating if they are in contact
with other spheres or with boundarissmore straightorward Because of the contact model
chosen, another assumption made for these analyses is that the particlasetiestically. This

assumption is reasonabler &and particlesit low effective stresdut couldcause problems for
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soils with weaker particles or under high effective stress. There were other assumptions made to
completethis research, but they are explicitly described heaaith supported with exghations
andpublished experimental evidence

As has been demonstrated, DEM simulations can produckadualy realistic results (Thornton

and Antony 2000)Also, with DEM simulations, several analyses (for example with different
loadings) can beperformed on the same exact initial configuration. This is not possible in
laboratory experim@s, wheredifferencesexist betweenest specimesy which may lead to
difficulties when comparingest results. In DEM simulations (or any numerical simulatfons

that matter), thesencertainties do not occur (Thornton and Antony 2000)

1.2 Study Objectivesand Project Scope

The first objective of this study was to assess the efficacy of afpesground treatment in
mitigating soil erosion and runoff. Rboratoryscale slopanodel experiment was constructed

with a rainfall simulator and the ability to measure runoff and erosion. Straw mulch was used as
the postfire ground treatment and slopeodel experiments were conducted on unburned and
burned blocksamples collected from U.S. Forest Service land in Colorado. Experiments were
conducted with no straw mulch and application rates of straw mulch = 0.06, 0.11, and 022 kg/m
This study represents a step towards understanding the mechanismdioé pasteases in runoff

and erosion at the macro and micro scale. Results from this study will be beneficial for researchers
and land managers. Although the rates and magnitudes of runoff and erosion will vary based on
location and size of study plot, the medisams observed in this laboratesgale study will be
applicable at fielescale.

The following research tasks were completed as a part of thiststaaet the first objective

i Reviewed literature related to pdse soil susceptibility and enhanced ruhafd erosion;
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1 Collected intact block samples that were representative of ground conditions in wildfire
prone areas;

1 Conducted laboratorgcale slopanodel experiments to evaluate the efficacy of {finst
ground treatments on mitigating erosion and rijreofd

1 Evaluated effects of high severity burning on geotechnical properties of a Colorado soil.
Thesecondobjective of this study wae show that particle aggrates representing a burned soil
androot developments ithe aggregatesan be modeled witbEM. Using DEM to simulate
idealized assemblies of particles under natural root developments will shed light on soil behavior
at a particulate level, resulting from the collection of all particle interactions. In turn, this can lead
to a better understaimg) of the overall macroscopic behavior and the physical processes of soil
erosion following a fire. Theimulationspresented at the particle level behaviat occur within

the particle aggregates with no reinforcementvith fiber reinforcementareintended to mimic

root growth and reinforcement, within a pele aggregate

The following research tasks were completed as a part of thiststuaget the second objective

1 Develoeda DEM model capable of performing all necessary calculations inclutimg
effects of hydraulic forces armhrticle reinforcements;

1 Verified the accuray of the DEMwith publishedresults from other researchers; and

1 Quantifiedthe ability of numerical reinforcements, representing natural root development,
to stabilize soil slopes.

Thesetasksprovidedinsight into howroot reinforcementaid in stabilizing slopes at a particle
aggregatdevel. Testing of posfire ground treatmentsan be cumbersome and time consuming,
whereas once a DEM model is cadited for a particular soijround treatment techniques can be

modeled and tested for capabilities before being implemented in thelfsd) the DEM in the
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future could allow for apid assessment of the controlling parameters without haviogneuct
largescale case studies wait years for field observatior®verall, this research aiméd show
that DEM hasthe potential to develop more cost effective and capable techrofjpestecting
critical infrastructure after a fire, at a lower gosith less physical equipmerdndlessmaterial

than required focurrent testing practices.
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CHAPTER 2: LABORATORY -SCALE SLOPE-MODEL EXPERIMENT

2.1 Methods and Materials

The experimental ppgram for this study included slopeodel experiments conducted under
simulated rainfall and testing to assess soil characteristics and engineering properties. A summary

of slopemodel experiments conducted on the block samples is in

TableA. The following five scenarios were consideres): ynburned with natural vegetation and
ground litter; b) burned without straw mulchc)burned with 0.06 kg/Adstraw mulch; §) burned

with 0.11 kg/n? straw mulch; and€) burned with 0.22 kg/fstraw mulch. All burned block
samples were burned under identical conditions in the laboratory.

A summary of the soil characteristics and engineering properties evaumatedrresponding test
procedures is inTable B. Soil characterization tests included partisiee distribution and
Atterberg limits conducted on each of the eight grab samples, and specific gravity and compaction
tests conducted on a single homogenized grab sample. Prior to each rainfall simulatmboobn
sample, Mini Disk Infiltrometer (MDI) and water drop penetration time (WDPT) tests were
conducted. For each simulated rainfall event in a stopdel experiment, eroded sediment mass
(i.e., sediment yield) and runoff volume were measured. In iaddithe following three
measurements were conducted for eadiaah block sample post testing: dry density, total organic
carbon, and shear strength. Specimens for these tests were exhumed from the upper 6 cm of block
samples after rainfall simulationsing sampling procedures outlined in ASTM D7a15(ASTM

2013) and a thiwalled metal sampler.
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Table A. Summary of slopemodel experiments conducted on block samples.

. Specimen StraV\_/ Mglch Te§t .Rainfa_lll
Test Group| Scenario Description Application Spec_:lmen Slmulatl_ons
(kg/nT) Replicates | per Replicate
1 Unburned block 0 3 1
Block 2 Burned block 0 1 2
Sample 3 Burned block 0.06 1 2
4 Burned block 0.11 1 2
5 Burned block 0.22 1 2

Table B. Summary of the soil characteristics and engineering properties that were
evaluated and the experimental method for each.

Measurement Method

Soil erodibility and runoff rate Rainfall simulation

Sieves, hydrometer, Atterberg limitmd
specific gravity

Soil characterization

Dry density Mass loss by oven heating
Total organic carbon Loss on ignition

Field saturated hydraulic conductivityl Mini Disk Infiltrometer
Water repellency Water drop penetration test
Soil strength parameters Drained direct shear

2.1.1 Soil Sample Collection

Soil samples were collected in Roosevelt National Forest, Colorado, in a location north of Estes
Park and westf Fort Collins (coordinates: 40.56858,05.47370). The location represented soil

and vegetation conditions in Colorado that experience wildfires. Soil composition in the area was
similar to soil composition at historic Colorado wildfire burn areas, whie summarized ifable

C (Moody and Martin 2001; Benavidé&wolorio 2001; MacDonald and Huffman 2004; Pietraszek

2006; Ebel et al. 2012; Robichaudakt 2013). This location was also in close proximity to the
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High Park Fire, which occurred in 2012. Permission to obtain soil samples from the site was

granted by the U.S. Forest Service. The sampling area was chosen to avoid large roots and rocks.

Table C. Composition of soils in historic Colorado wildfire burn areas and soil collected
from the block sample location.

Soil Colorado Wildfire Burn Areas Block Sample
Texture Low (%) High (%) | Average (%)| Average (%)
Gravel 0 56 25 15

Sand 23 69 a7 57

Silt 6 41 23 26

Clay 0 20 6 3

Seven undisturbed block samples and eight grab samples were collected. Block samples were
collected within sheet metal boxes that were @h¥vlong, 30.5cm wide, and 304m tall
following cubical block sampling procedures outlined in ASTM DZQB5ASTM 2013). An 11

gauge steel box with an open top and bottom was placed on the soil surface. Soil was excavated
around the box so that the box could be pressed into the ground, continually enclosing the soil
sample during excavation. Once the top of the baxingerted approximately 23 cm into the sail,

the base of the block was separated from the parent material. The block was then moved onto a
plywood pallet. Excavation for one block sample provided a starting location for the next block
sample such that alllock samples were collected adjacent to one another. Grab samples were
collected in 26L buckets intermittently during excavation of the block samplesAppendix A).

Block samples were secured to the pallets used for collection and transported td li&Stock
samples were kept in a greenhouse and watered weekly to maintain healthy vegetation prior to

testing.
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2.1.2SlopeModel Experiment with Simulated Rainfall

A schematic of the slopeodel experiment is shown kigure3, which included a soil specimen
container and rainfall simulator. The soil container was constructed from steel with dimensions of
76.2cm long, 30.5cm wide, and 308m deep The container was designed with the ability to
collect runoff and eroded sediment, drain infiltrated water from the bottom of the specimen, adjust
slope of the specimen, and adjust location of the outflow plate. Avwogan geotextile was placed
along the bottom of the soil container to allow drainage from the bottom of the specimen. To
prevent sidewall water flow along the contakseil interface, bentonite paste (bentonite and water
mixed at a ratio of 1:6) was placatbund the specimen perimeter to a depth of 2.5 cm (Lee et al.
2010). If applicable, ground treatments were applied to soil specimens prior to rainfall simulations.
Rainfall was applied to the soil specimens with a rainfall simulator designed based araRégm
Thompson (2000). A schematic of the soil rainfall simulator is showiguare 3. Each raindrop
former was a telescopic arrangement of @alcapillary tube inside aga. capillary tube. A total

of 140 raindrop formers were spaced in an equilateral triangular gritedottom of the rainfall
simulator. A stainless steel raindrop distribution screen was placed 71 cm below the raindrop
formers to create a broader distribution of raindrop sizes that were representative of natural rainfall.
Rainfall intensity was contrat by adjusting the head of water above the raindrop formers. Water
was primarily lowionic-strength snowmelt runoff with pH between 6.8 and 7.3 and an electrical
conductivity between 4 to 8 mS/m (Larsen et al. 2009). The height between the bottom of the
rainfall simulator and soil specimen containerwas 7.6 nit(R5 whi ch al |l owed r ai
in diameter to reach 95% of terminal velocity. The laborasmale slopanodel experiment
yielded repeatable measurements of sediment yield and runoff fmatepests conducted on

sandsilt mixtures (see Appendix B).
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Figure 3. Schematic of the rainfall simulator (top) and soil container (bottom) used to
conduct the slopemodel experiments.

A summary of observed or simulatedinfall that produced runoff and erosiémom burned

Colorado hillslopes is in

TableD. Relationships of rainfall intensity versus rainfall duraticnf 23 Colorado Front Range
NOAA weather stations are shownkigure4. In this study, rainfall was simulated at an intensity
of approximately 48 mvh and experiments were conducted for 40 min. The rainfall intensity and

duration were chosen to replicate a tgbishortduration, highintensity summer storm in
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Colorado that can lead to runoff and erosion on burned hillslopes (Robichaud and Brown 2005;
Cannon et al. 2008; Larsen et al. 2009; Moody and Martin 2009; Foltz and Wagenbrenner 2010).
ArainfalleventicCol or adodés Front Range that i s compar a
has a return period of 25 yr. The rainfall generator was calibrated prior to testing to determine the
target rainfall intensity and the intensity applied during a given experiwas measured at the

start and end of each experiment. Successive rainfall simulations conducted on a single specimen

were conducted three days apart to allow for potential soil crust formation (Larsen et al. 2009).

Table D. References and locations of observed or simulated rainfall that produced runoff
and sediment yield. Rainfall parameters include recurrence interval, storm duration, and
storm magnitude.

Recurrencg Storm Storm

Reference Location Interval | Duration | Magnitude
(yr) (min) (mm/h)

High Park Fire BAER 10 60 38
Robichaud et al. (2012) Intermountain West 50 15 50
Foltz and Wagenbrenner (201( Intermountain West 50 25 51
Cannon et al. (2008) Colorado? <2 <180 1-32
Robichaud and Brown (2005) | Colorado Bobcat Firk 5-10 30 48
Murphy et al. (2012) Fourmile Creek Fir& 30 46
Moody and Martin (2009) Plains rainfall regime 2 30 1952
Verdin et al. (2012) High Park Burn Area ] 2 60 25
Verdin et al. (2012) High Park Burn Area ? 10 60 43
Verdin et al. (2012) High Park Burn Area 25 60 51

@ Debris flows that were produced from 25 recently burned basins in Colorado in response
shortduration, highintensity convective storms

b Actual storm event producing high sediment yields

Block samples were transferred from the metal collection boxes to the soil specimen container
located beneath the rainfall simulator. The soil specimen cont&iigené 3) was then fixed at a

slope of 27° for all experiments, which was representative of burned Colorado hillslopes that have

produced runoff and erosion (Pietraszek 2006; Schmeer 2014). Pléassicgsmrds were placed
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on either side of the specimen parallel to the direction of slope to minimize loss of soil upon
raindrop impact. Runoff, along with entrained sediment that had been eroded, was collected at the
lower end of the soil specimen everydito ten minutes in 1-D bottles. The total water and
sediment collected at each interval was weighed and then dried in an oven at 105 °C for 24 h. The
eroded sediment mass (i.e., sediment yield) at each interval was the mass of sediment after drying.
The runoff at each interval was taken to be the total mass collected minus the mass of eroded

sediment, assuming the density of water = 1 &/cm
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Figure 4. Intensity-duration-frequency (IDF) plot based on average annual maxima data

from 23 Colorado Front Range weather stations where each data series represents a return
interval in years.
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2.1.3 Burn Simulation

Block samples were burned under controlled conditions to replicate a moderate to Iioghirsoi
severity. Previous laboratory studies have shown that the hydrophobic layer in the soil subsurface
is intensified at temperatures from 175 to 250 °C (DeBano and Krammes 1966; Doerr et al. 2000;
Robichaud and Hungerford 2000; Zavala et al. 2010)sé& ltemperatures also correspond to a
moderate to high seburn severity (Zavala et al. 2010). Prior to burning, the block samples were
air-dried for 1 week to promote pestrning water repellency at shallow depths following
recommendations in RobichauddaHungerford (2000).

Hardwood lump charcoal was ignited and placed on dif@d, perforated metal sheet elevated

2.5 cm above the soil surface. Newly ignited charcoal was added to the metal sheet every 20 min
until the soil at a depth of 2 cm from therface reached 200 °C. The bottom and sides of the block
sample were wrapped in an insulating fabric to promote soil heating from the surface down. The
soil temperature 2 cm below the surface was monitored in real time using an Omega Type K
thermocouple e@nnected to a computer. Burning the soil using this approach required

approximately 120 min to reach the target samperature (see Appendix C).

2.1.4 Block Samples Tested

A summary of the slopaodel experiments conducted on burned and unburned block samples is

in

TableA. Photographs of test specimens prepared frone timéurned block samples with varying

levels of vegetation and from four burned block samples with and without straw mulch as ground
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cover are shown ifrigure5. The three unburned block samples were observed to have different
amounts of vegetation and ground litter. These visual differences in surface cover were

gualitatively described as low, medium, and high vegetation, where vegetatisedisoimply

intact surface vegetation and surface litter.

Figure 5. Pre-rainfall simulation pictures of (a) low vegetation, unburned block, (b)
medium vegetation, unburned blockc) high vegetation, unburned block, (d) burned
block, no straw mulch, (e) burned block, 0.06 kg/fstraw mulch, (f) burned block, 0.11
kg/m?, and (g) burned block, 0.22 kg/r
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Straw mulch was applied to burned soil samples by hand, if applicablet@tlo first rainfall
simulation. A straw mulch application rate of 0.22 kg§isccommonly used as a pese ground
treatment by BAER on Colorado hillslopes (Robichaud et al. 2000; BAER 2012). The straw muich
application rates of 0.06 and 0.11 kd/were evaluated to explore how reducing ground cover
influenced runoff and erosion. Burroughs and King (1989) provided an equation to estimate the
percent ground cover from mulch applications, whereby straw mulch application rates of 0.06,
0.11, and 0.22 kg/frcorresponded to ground cover percentages of approximately 40%, 50%, and
65%. However, the percent ground cover visually appeared higilger¢5) than those predicted

using the equation in Burroughs and King (1989).

Three replicates were considered for the unburned sceandmne replicate was considered for
each burned scenario. rainfall simulation was conducted on each unburned specimen prior to
burning. Subsequent rainfall simulations were then conducted on burned specimens with the
varying amounts of straw mulch (i.e., no cover to 0.22 Ry/for each burned scenario, two
rainfall simulations were conducted three days apart to explore changes in soil hydraulic properties
due to potential soil crust formation. Pictures of the test specimens in thersddpeéexperiments

before and after each rainfall simulation arédppendixD.

2.15 Soil Characteristic and Engineering Property Tests

A summary of geotechnical characteristics measured on the eight grab samples collected from the
field is in TableE. Particlesize distribution by sieve and hydrometer analyses (ASTM D6413

2009; ASTM D792816 2016) and Atterberg limits (ASTM D431® 2010) were conducted on

each of the eight grab sampléarticlesize distribution curves for the eight grab samples and the
average particksize distribution curve are shown lrror! Reference source not found. The

eight samfes yielded similar percent composition of gravel, sand, silt, and clay particles, and the
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soil classified as silty sand (SM) according to the Unified Soil Classification System. An equal
mass of each grab sample was mixed together to create a represgmbabtogenized soil sample

to assess specific gravity (ASTM D884 2014) and standard compaction (ASTM D428

2012).
Table E. Summary of soil characteristics determined on the grab samples.
Characteristic Soil samplée?
Gravel (%) 15+ 3
Sand (%) 57+2
Silt (%) 26+ 3
Clay (%) 3x1
Specific gravity 2.69
Plastic limit 1+1
Max dry unit weight (KN/rd) 16.4
Optimum gravimetric water content (%) 18

& Characteristics presented as X £ Y: X = average and Y = standard
deviation based on samples analyzed from each of the eight grab san
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Geotechnical testing also was conducted on unburned and burned soil samples to @&eftfgt th

of burning on physical characteristics and hydraulic and mechanical properties. Changes in
physical characteristics due to burning were analyzed by measuring dry density and total organic
carbon. Changes in hydraulic properties due to burningavexigzed by measuring field saturated
hydraulic conductivity and water repellency. Changes in mechanical properties due to burning
were analyzed by measuring shear strength via direct shear. Unburned soil specimens were
trimmed from block samples prior tainfall simulations. Burned soil specimens were collected

from burned block samples after rainfall simulations were complete.
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Dry density and total organic carbon (TOC) were assessed on the upper 6 cm of block samples
following sampling procedures outéd in ASTM D701513 (ASTM 2013) with a thirwalled

metal sampler. Dry density was assessed on unburned and burned soil following ASTM D7263
09. A moist soil specimen was weighed, dried in a ceramic crucible at 105 °C for 24 h, and then
re-weighed.

Total aganic carbon was estimated using the -msggnition (LOI) method. The LOI method
involvesthe heated destruction of all organic matter in a soil specimen. A moist soil specimen was
weighed and dried in a ceramic crucible at 105 °C for 24 h. The drywasithen raveighed and

heated to 440 °C for 24 h. The specimen was then cooled in a desiccator and weighed again.
Organic matter content was calculated as the difference between the initial and final dry masses
divided by the initial dry mass. Furnacenigerature for the LOI method was maintained below

450 °C to avoid destruction of any inorganic carbonates that may be present in the soil
(Schumacher 2002).

A mini-disk infiltrometer (MDI) was used to estimate the field saturated hydraulic conductivity
(Decagon Devices)'he MDI was placed on the soil surface after removing duff material from the
unburned samples or ash from the burned samples. A negative pressure head of 0.5 cm was applied
at the soil surface to promote water infiltration. Measuremengslametric inflow versus time

were recordeévery 30 s for 15 min and then every minute until at least 15 mL of water inflitrate
into the soil Pecagon Devices).

Field saturated hydraulic conductivity was calculated from the MDI data using a npetipoged

by Zhang (1997). Cumulative infiltration volumé {ersus timet] was calculated using the

following equation:

L < FU« [Equation 1]

43



whereC; andC; are parameters related to hydraulic conductivity and soil sorptivity, respectively.

Field saturated hydraulic conductivit¢:£) was then calculated as

Ly [Equation 2]
whereA is a van Genuchten parameter obtaifrech the instrument manual based on soil type

£

and suction height. The MDI tests were conducted on block samples that had not been exposed to
water for three days.

The water drop penetration time (WDPT) method was used to measure soil surface water
repellency. TheWDPT method is used widely as an indicator for determining the persistence of
water repellencyDoerr et al. 2004)andwas performed in conjunction with the MDI test.

Duff material was removed from the unburned and burned block sample surfdearnea where

the experiment was conduct€@@n e dr op | et -ignized dder Wak placedl bn thk soil
surface. The time required for the water droplet to infiltrate the soil was recorded. Repellency class
intervals and associated ratings are sunmzed in

TableF. Penetration times greater than 5 s were recorded in 20 s intervals for the first 600 s, and
then every 30 min. The WDPT tests wesentinated after 5 h if a water drop had not penetrated
(Doerr et al. 2004).

Table F. Water drop penetration time (WDPT) class increments and corresponding
descriptive repellency rating (Doerr et al. 2004).

WDPT classes (s) 5 > 5, 20, 40, 60 80- 600 >3%%%' > 3600
Repellency rating | Wettable Slight Strong Severe Extreme

Direct shear tests were conducted under drained conditions on unburned and burned specimens
following ASTM D3080. Intact specimens were collected frima upper 6 cm of the block

samples using sampling procedures outlined in ASTM D/AERLASTM 2013) with a thirwalled
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metal sampler. Specimens with a diameter of 64 mm and height of 33 mm were cut from the block
samples and transferred to a circular disdeear box. Direct shear testing was conducted under
effective normal stresse8'{) of 17, 34, and 65 kPa, which were reasonably low stresses that could

be applied in the direct shear apparatus to assess shear strength of the surficial soil deposit.
Specimens were inundated for 2 h immediately following application of normal stress. Drainage
was permitted through porous metal disks and filter paper placed on the top and bottom of the
specimens. Tests were conducted at a displacement rate of 0.08 mosmg an ELE
International Digital Shear Machine. Measurements of horizontal displacement, vertical
displacement, and shear force were recorded every second uliatjpaal Instruments data
acquisition cardNI USB-6009, 192256A01), LABView software, ad a laptop computer. Two

linear variable displacement transducers (Novotechnik Model80ER and TRD025) were used

to measure horizontal and vertical displacements. A load cell (Interface Force Transducer Model
SSMAJ-500) was used to measure shear domirect shear specimens were inspected post
shearing to note if any gravsized particles were present within the shear plane.

Peak shear strengths were used to develop strength envelopes if a peak shear stress was observed
in the sheadisplacement dat Alternatively, the shear stress at 7 mm of horizontal displacement

was selected as the shear strength for development of a strength envelope in the event peak shear

strength was not observed.

2.2 Rainfall Simulation Results

A summary of the rate of suated rainfall, average runoff rate, ultimate runoff rate, and average
percent runoff for the three unburned block samples and four burned block samples tested in the
slopemodel experiment is ifableG. Average rainfall intensity for all rainfall simulations was

48 + 2 mm/h. The average runoff rate was calculated as the total runoff collected during the
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simulated rainfall over the 4@in rainfall duation. The ultimate runoff rate was calculated as the
runoff collected during the last 5 min of the simulated rainfall, which was approaching a constant
runoff rate in all experiments. Average percent runoff was computed as the percent of cumulative
precigtation falling on a soil specimen that resulted in runoff. Cumulative precipitation falling on

a given specimen was computed based on surface area of the specimen, rainfall intensity, and
duration of rainfall. Average infiltration capacities for unburaed burned soils (estimated using

MDI) were less than the rainfall rate, which indicated that infiltration excess surface runoff
occurred during the rainfall simulations. Infiltration excess runoff is common during short

duration, high intensity rainstornamalogous to the storm simulated in this study.

Table G. Rate of simulated rainfall, average runoff rate, ultimate runoff rate, and average
percent runoff for unburned and burned block samples tested in the slopmodel

experiment.
Cover/ , Average .
. Rainfall Straw Rainfall Runoff Ultimate Percent
Condition | .. : Rate Runoff Rate
Simulation Mulch (mm/h) Rate (mm/h) Runoff (%)
(kg/n?) (mm/h)
Low 48 24 32 50
vegetation
Unburned 1t Medmr_n 48 13 29 27
block vegetation
High 47 11 18 23
vegetation
Burned 1t 0 48 15 25 31
block 0.06 49 20 23 41
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0.11 49 9 17 18
0.22 50 11 20 22

0 47 21 29 45

ond 0.06 49 21 23 43
0.11 49 14 18 29

0.22 46 11 16 24

2.2.1Effect of Burning on Runadind Erosion

Temporal trends of runoff rate and sediment concentration from the rslogel experiments on

the three block samples with intact natural vegetation and the one burned block sample with no
ground cover are shown Figure 6. Runoff rate was computed incrementally as the volume of
runoff occurring between subsequent measurements divided by specimen surface area and elapsed
time. Sediment concentration was computed as the ratio of sediment yield to runoff between
subsequent mearements.

The rate of runoff increased during the firstZ®min of simulated rainfall for the burned soil and
three soil specimens with natural vegetation, and subsequently approached an approximately
consistent rate (i.e., ultimate runoff rate). Tmegence of natural vegetation directly influenced
runoff, whereby the low vegetation, unburned specimen had the highest amount of runoff (50% of
total rainfall), and the amount of runoff decreased with an increase in the amount of surface
vegetation TableG, Figure6a). The amount of runofheasured for the burned soil with no ground
cover was between the cumulative runoff measured on the medium and high vegetation block
samples. The amount of runoff for the burned block sample was attributed to a wettable ash layer
on the burned soil surfadbat acted as a water storage layer. Thus, during the first rainfall
simulation the ash layer had the capacity to store precipitation since this ash layer was dry at the

start of the rainfall simulation.
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Figure 6. Temporal relationships of (a) runoff rate and (b) sediment concentration for
slopemodel experiments conducted on three unburned block samples and one burned
block sample with no straw mulch cover.

In contrast to similarigs in runoff between unburned and burned block samples, the amount of
erosion was considerably higher for the burned block samgeré6b). The amount of sediment
eroded from the burned block sample increased by at least a factor of two relative to the low
vegetation specimen and nearly an order of magnitude relative to spescwith medium and
high vegetationKigure 6b). Although vegetation and bare areas on unburned soil surfaces can
convey surface flow as runoff, theriace vegetation and corresponding root network helps protect
the soil surface from raindrop impact and subsequent particle entrainment during runoff.
Vegetation also aids to trap dislodged sediment or at least impede downslope movement, which
reduces thamount of erosion. Soil particles on the burned soil surface with no ground cover were
fully exposed to erosive forces of raindrop impact and surface water flow. Thus, the greater ability
for soil particles to dislodge and transport on the burned sod@inhcreased erosion relative to

the unburned block samples.
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2.2.2 Effect of Straw Mulch on Runoff and Erosion

Temporal trends of runoff rate and sediment concentration measured in themsibgle
experiments conducted on the four burned block sampksvwarying amounts of straw mulch

are shown in

Figure7. The presence of straw mulch was observed to directly influence the amount of runoff
during the first and second rainfall simulatiofmgifle G,

Figure7a and

Figure 7b). The amount of runoff generally decreased with an increase in the amount of straw
mulch. Runoff measured for the burned block samples with 0.11 and 0.22stgw mulch was
approximatelythe same as the cumulative runoff measured on the high surface vegetation block
sample (

Figure7a). Also observed in the runoff measurements was @ease in the amount of runoff for

the second rainfall simulation on the burned soil sample without ground treatment and with the
burned soil samples with 0.06 and 0.11 kKgatmmaw mulch. However, magnitude of the runoff
increased from the first to secorainfall simulation and was highest for the burned sample without
straw mulch. The straw mulch applied to the burned samples protected the ash layer from rainfall
induced erosion, allowing the ash layer to continue to provide water storage during thie secon

rainfall simulation.

—— No straw cover —=— 0.06 kg/m2 straw cover —=— 0.11 kg/m2 straw cover —— 0.22 kg/m2 straw cover
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Figure 7. Temporal trends of runoff rate for the (a) first rainfall simulation (@)&econd
rainfall simulation, and temporal trends of sediment concentration for the (c) first rainfall
simulation and (d) second rainfall simulation from the sloyelel experirents conducted on
the burned block samples with varying amounts of strawmulc
The ultimate runoff rate generally decreased with increasing ground cover, whether the ground
cover was natural vegetation or straw multhlfleG). A water balance analysis was conducted
for each soil specimen during a given rainfall simulation. Water entering the system (i.e., a soil

specimen) was simulated rainfall, and water leatirggsystem was in the form of infiltration,

surface runoff, or water absorbed by surface cover. Burned block samples were exposed to similar
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rainfall rates and had similar infiltration capacities (discussed subsequently), and yet exhibited
varying runoffrates. Straw mulch increased surface roughness for overland flow, which slowed
down runoff and allowed more time for infiltration. Considering that runoff developed due to
infiltration excess, increasing the amount of straw mulch decreased runoff ralesaiyg more

time for the water to infiltrate the soil. Straw mulch also reduced runoff by absorbing and storing
water; however, this |ikely wasndét a major f
capacity of the straw mulch, the maximamount of water the straw mulch could absorb was 1

4% of the total rainfall, depending on the rate of straw mulch application.

The amount of sediment eroded from the burned block sample with no straw mulch increased by
a factor of seven relative to tharbed samples with 0.06 and 0.11 k§atraw mulch and over an

order of magnitude relative to the burned sample with 0.223sgghaw mulch (

Figure7c and

Figure7d). In addition, sediment concentration measured on the burned block sampled increased
from the first to the second rainfall simulatievhereas sediment concentration was approximately
constant between the two rainfall simulations for the burned block samples with ground cover. The
straw mulch used as ground cover acted similar to vegetation on the unburned samples in
mitigating erosionThe straw mulch protected the burned soil surface from raindrop impact and
provided an alternative flow path of water versus directly along the soil surface. Straw mulch also
helped dissipate energy from raindrop impact, which reduced the potentialtidegatachment.
Dislodged particles were able to be trapped by the straw strands, which prevented the particles
from being carried by water further downslope.

Temporal trends of the ratio of runoff rates during the second simulated rainjdth (@ndf rates

during the first simulated rainfall (@for the four burned samples with varying amounts of straw
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mulch are shown irFigure 8. Runoff ratesduring the first 20 min of the rainfall simulation
increased considerably for the second rainfall simulation compared to the first simulation for
burned block samples with no straw mulch and 0.11 kgfraw mulch. However, runoff rates for

the second rafall simulation when compared to the first simulation remained nearly the same for
the burned samples with 0.06 and 0.22 Kggtraw mulch, and Qi for the 0.11 kg/rhsample

was about 1.0 by the end of the rainfall simulation.
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Figure 8. Temporal trends of the ratio of cumulative runoff during the second simulated rainfall
(Q2) to cumulative runoff during the first simulated rainfalk)@r four burned samples with
varying amounts of straw mul@pplication.
The increase in runoff for the second rainfall simulations was attributed to (i) an increase in soil
saturation near the surface that decreased available soil water storage, and (ii) the development of
soil hydrophobicity. Postesting analyis on all four burned samples revealed a hydrophobic layer

had formed 2 c¢cm below the soil surface (cl as

hydrophobic layer inhibited infiltration, which resulted in a nearly saturated surface layer after the
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first simulation and start of the second rainfall simulation. The high degree of saturation in the
surficial soil was qualitative and determined visually. The nearly saturated surface soil had limited
available soil water storage during the second rainfall sitiom, which increased runoff from the

soil surface. The magnitude of the difference in runoff and erosion from the first rainfall simulation
to the second was largest for the burned block sample with no straw and generally decreased with
increasing strawnulch application rate. This was attributed to increased erosion of the wettable
ash layer with decreasing cover as exposure to the erosive forces of raindrop impact and surface
runoff increased. Erosion and subsequent removal of the ash layer reducestavate provided

by the ash layer (Woods and Balfour 2008).

Total sediment yield from successive rainfall simulations in the siopael experiments on the

four burned samples with varying amounts of straw mulctslaogvn inFigure9. Also included

in Figure9is the range of total sediment yield from the threburned block samples with varying
amount of surface vegetation. The addition of straw mulch to the surface of burned soaill
exponentially decreased the total eroded sediment during a rainfall simukstioiree straw

mulch application rates (0.06, 0.11, and 0.22 Ky/reduced total sediment yield to levels
comparable with unburned samples. Erosion generally increased with successive rainfalls on
burned samples, which was attributed to an increaserface runoff Figure 8). However, the
addition of straw mulch considerably reduced the difference between sediment yields measured
for successive rafall simulations when compared to the burned block sample with no ground
cover. An increase in the amount of straw mulch applied to the surface of burned soil provided

protection from erosive forces and was effective in decreasing erosion.
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Figure 9. Relationships of total sediment versus straw mulch application for successive

simulated rainfalls on four burned samples with different amounts of straw mulch. Range
of sediment yield included fromthe unburned samples with natural vegetation.

A scatter plot of sediment yield versus percent runoff for all rainfall simulations on unburned and
burned block samples is shownrFigure10. Unburned block samples with vegetation and burned
block samples with straw mulch exhibited a similar trend of low sediment yield despite increasing
percent runoff, which is depicted by the shaded ar€eurel0. However, burned block samples
with no straw mulch exhibited a trend of increasing sediment yield with increasing percent runoff.
Although the trend identified in this study was only based on two measurements, a similar trend
was observed by Wood and Balfour (2008), wherein sediment yield in burned plots with and

without ash were positively correlated with runoff. The results suggest that rstnéska can

prevent runoff from dislodging and transporting soil similar to vegetation on unburned soil. Results
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also suggest that for a given percent runoff, eroded sediment will be higher for burned soil with
no straw mulch compared to burned soil witrawt mulch. Comparing the two burned block
samples that yielded approximately 45% runoff, the burned sample with straw mulch decreased

sediment yield nearly an order of magnitude relative to the burned sample with no ground cover.
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Figure 10. Scater plot of sediment yield \s. percent runoff for all rainfall simulations on
unburned and burned block samples. Burned soil, no cover data from Woods and Balfour
(2008) was included to build on tlk trend observedfor the burned soil, no cover data from

this study.

2.2.3 Comparison to Previous Studies

A compilation of runoff rate, runoff reduction, sediment concentration, and sediment concentration
reduction for soils with and without ground treatments are sumethiizTable H. The runoff
reductions and sediment concentration reductions were computed for soils with ground treatments

relative tests on the samalssithout ground treatment. All soils were sandy loam (SL) or silty
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sand (SM) tested in similar physical laboratory models with simulated rainfall. Runoff and
sediment yield were determined from the referenced studies and this study after an elapsed tim
of 25-min of simulated rainfall to provide consistency between all studies. Runoff rediRRpn (

was calculated using the following equation:

=| =| %l|—” [Equation 3]

whereT andB are the runoff rates at 25 min of simulated rainfall from the treated sample (T) and
bare sample (B), respectively.

Yanosek (2006) and Foltz and Copeland (2009) reported high runoff rates from unburned soils.
For all studies, the addition of mulch genbrakduced runoff for unburned and burned soils.
Wood mulch appeared to be more effective at runoff reduction compared to agricultural straw
mulch; howevermaking direct comparisons between studisdifficult due to differences in
several variables. Bbt wood and straw mulch appeared equally effective at sediment
concentration reduction. The mass of straw mulch used w85%2ess than the mass of wood
mulches used, suggesting straw mulch can provide similar erosion reduction at a lower cost.
Yanosek (P06) suggested that the reduction in runoff, rilling, and erosion with the addition of
wood strands was due to the strands slowing down water flow, which reduced shear forces of water
against the soil. These observations made by Yanosek (2006) are wirotaservations made in

this study regarding the mechanisms of how ground cover on the surface of burned soil decreased

soil erosion.
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Table H. Compilation of runoff rate, runoff reduction, sediment concentration,and sediment concentration reduction from
treated samples with respect to bare samples for laboratory slopaodel experiments of sandy loam (SL) or silty sand (SM)
soils with different ground treatments after 25min of simulated rainfall.

Slope Rainfall Cover Cover Runoff Runoff | Sediment Sediment
Study Soil (%I;) Intensity | Mass Material Rate | Reduction| Conc. Conc.
mm g mm 0 g eduction (%
(mm/h) | (kg/n¥) (mm/h) (%) (g/L) Reduction (%)
SM, 50 48 0 Bare 21 4
unburned
0 Bare 23 16
This study* | o\, 0.06 25 -9b 2 88
burnéd 50 48
0.11 Straw 14 39 7 56
0.22 15 35 2 88
Yanosek SL, 0 Bare 31
2006)° burned| C 50
(2006) unburne 0.38 | Wood strand 14 55 66¢
Foltz and SL 0 Bare 28
Copeland b ' d 30 50
(2009)° unburne 0.49 | Wood shred] 8 71 744
0 Bare 12
Foltz and sL
Wagenbrenne ’ 40 51 0.64 ASIS wood 4 67 g2d
(2010)° burned
1.12 | ASIS wood 75 954

2 Runoff rate and runoff reduction for first rainfall simulation
b Negative value indicates increase in runoff when compared to bare sample
¢ Runoff rates and sediment concentrations aftemitbof simulated rainfall and 3®in of prewetting prior to rainfall

simulation

4 Reported sediment concentration reduction \afuem Foltz and Wagenbrenner (2010)
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2.3 Soil Characteristic and Engineering Property Tests

2.3.1 Physical Soil Characteristics

Soil dry density and TOC measured for four unburned and four burned subsamples taken from the
block samples are compiled Trablel. Soil surface dry ensity did not change with high severity
burning. Dry density for unburned samples varied from 1.0 to 1.23gheith an average dry
density of 1.1 g/cf Dry density for burned samples varied from 0.8 to 1.1 §/eith an average

dry density of 1.1 g/cf Although select studies reported that burning increased soil dry density
due to aggregate breakdown and soil structure collapse (e.g. Moody and Martin 2001), other
studies reported that average dry density did not change considerably between unburned and
burned soils (Moody et al. 2005; Wieting et al. 2017).

Surface TOC did not change with high severity burnifgp(el). TOC estimated as the percent

mass loss from LOI for unburned samples varied from 5% to 10%, with an average of 8%. Percent
mass loss for burned samples varied from 8% to 11%, with an average of 9%. The LOI (TOC)
values from this study are similar to those reported in literature, héfdeody et al. (2005)
reported LOI ranging from 6.0% to 7.3% for unburned Colorado soils and 5.8% to 7.4% for burned
Colorado soils. Wieting et al. (2017) reported a Higgmperature heated (high severity burned)
sample average LOI value of 9%.

A possiblereason for the lack of change in surface dry density and TOC with high severity burning
observed in this study was the size of the surface subsample used for measurements. Subsamples
were obtained from the upper 6 cm of the block samples. Thus, althoogtete combustion of

organic matter and destruction of roots was observed in the upper 2 cm of each burned sample, the
effects of burning were less pronounced in the rest of the subsample (i.e., between sample depths
of 2 cm and 6 cm). An increase in dignsity and decrease in TOC with burning may have been

measurable if the subsample height was reduced from 6 cm to 2 cm.
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Table I. Dry density and total organic carbon (TOC) measured on intact unburned and
burned subsamples exhurad from block samples tested in the slopmodel experiment.

Sample Replicate Dr()é/(il:?rr;)sny TOC (%)

1 1.1 5
2 1.0 9
Unburned block 3 1.0 8
4 1.2 10

Average 1.1+0.1 82
1 1.1 8
2 1.1 11
Burned block 3 0.8 9
4 1.1 10

Average 1.1+0.1 9+1

2.3.2 Hydraulic Soil Properties

Field saturated hydraulic conductivity of the soil surface (estimated using MDI) and water

repellency (estimated using WDPT) measured on unburned and burned block samples are

tabulated inTable J. SurfaceKss slightly increased with high severity burning and slightly

decreased between the first and second rainfall simulation on burned block samplés fdrhe

unburned samples pritw the first rainfall simulation varied from 5 x-Bto 1 x 163 cm/s, with

an averagés = 5 x 164 cm/s. TheKss for burned samples prior to the first rainfall simulation

varied from 5 x 164 to 6 x 103 cm/s (averagKss = 3x10-3 cm/s), whereakss for burned samples

prior to the second rainfall simulation varied from 8 x4l 1 x 163 cm/s (averagKs = 1x10

3 cm/s). An increase i with burning was not expected based on previous studies that suggest

Kss decreased with burning (e.g. Ebel et28112). However, Wieting et al. (2017) also showed an

increase inKss between unburned and burned soils with average values of &7gdtis and

1.4x104 cm/s, respectively.
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Table J. Saturated field hydraulic conductivity (Kts) and wettability index measurements
conducted on burned and unburned block samples tested in the slopgdel experiment.

Sample Replicate Time Kss (cm/s)? | WDPT (sP
1 3x10% <5
2 5x10° <5
Unburned block 3 2x10% <5
4 1x10°3 <5
Average 5x10* <5
1 Before rainfall 2x10° <5
After rainfall 1x10° <5
5 Before rainfall|  4x103 <5
After rainfall 8x10% <5
Before rainfall|  6x10° <5
Burned block 3 After rainfall 1x103 <5
4 Before rainfall|  5x10* <5
After rainfall 8x10% <5
Average Before rginfall 3x10° <5
After rainfall 1x103 <5

2 Average value from 2 MDI tests

b Average value from 3 drops

Based on the WDPT class ranges proposed by Doerr et al. (2004), the water repellency rating was
wettable for both unburned and burned soil surfaces. However, the repellency rating 2 cm below
the soil surface for unburned soils was wettable, where for Bwwies was extremely repellent.
This result implies the subsurface formation of a hydrophobic layer with burning developed and
was attributed to the condensation of organic hydrophobic coatings. The wettable surface on
burned samples was likely due to ggace of an ash layer, since the ash layer was not removed
prior to testing. Ebel et al. (2012) found that ash layers had a much larger infiltration capacity than
burned soil. Thus, the ash layer can create a temporary storage layer above a subsurface
hydrophobic layer. Similarly, Woods and Balfour (2008) and Larsen et al. (2009) found that the

ash layer created by burning provided additional water storage capacity and prevented soil surface
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sealing. The hydrophobic layer created with burning in this stadynot at the soil surface, which

left a highly wettable ash layer above the hydrophobic layer to temporarily store water.

2.3.3 Mechanical Soil Properties

Shear strength of intact samples excavated from unburned and burned block samples as well as
unburned remolded samples was measured in direct shear. A summary of the direct shear tests
conducteds inTableKal ong Wi t Ip etk e s b g@)aand herizantal wigptadementU

to peak shear strength. TGdisted inTableK are actual peak shear strengths if a peak shear stress

was observed or represent the shear stress at a horizontal displacement of 7 mm. The purpose of
testing unburned, remolded soil (diignsity = 1.2 g/c) was to analyze the effect of roots on

shear strength parameters. This collection of direct shear tests aided in evaluating the hypothesis
that high severity soil burning reduced shear strength due to loss of surface vegetation.

Relatb n s h i gversudd'ffor direct shear tests conducted on intact unburned soil, intact burned

soil, and unburned remolded soil are shawrrigure 11. Peak shear strength of the unburned
remolded soil coincided with lowdr o u pplotted inFigurell, such t hpaneasureglar |y
on intact burned and unburned soil specimens plotted above the strength envelope for the unburned
remolded soil. At least three replicate direct shear t@ste conducted on intact burned and
unburned soil s frabte K)m@onsiderablynoe &@c ls ca't t er was ob
measuredontheintdstur ned soi |l samples relativepforo t he
the intact burned soil atagivéihr anged f r opmeaswed bniingabt urdwsnedkoil and

as | oomeasubtbed on unbur ned pmeasued ardadt.buriBchsois s c a't
specimens was attributed to variability in surface burning. Select locations on the surface retained

roots after lpsimilanto thegunburhea intack spetiméenon contract, other locations
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on the burned soil surface hadd mp | et el y destroyed root sptructu

to levels comparable with the unburned remolded soil.

Table K. Shear strength measured on intact unburned and burned subsamples exhumed
from block samplestested in the slopanodel experiment and unburned, remolded samples
tested in drained direct shear.

Sample Nolfrf:;ft'svt?e ss Peak Shear Horizontal Displacement a
P (kPa) Strength (kPa) | Peak Shear Streng{imm)
20.5 7.0
17.2 23.8 7.0
19.5 7.0
38.9 7.0
Unburned block 327 20.8 =0
37.9 7.0
67.6 7.0
63.6 653 =0
12.1 7.0
29.32 7.0
17.2 198 =0
26.4 6.9
33.4 7.0
29.7 7.0
Burned block 32.7 A17 =0
37.2 7.0
55.8 7.0
69.2 7.0
63.6 50.3 =0
62.2 7.0
17.2 13.6 7.0
63.6 52.3 7.6
2 Qutlier

The burned block outlier was due to an observed rock in the shear plane and was not included in
the development of the burned strength envelope. Only 2 tests are presented for intact, unburned

soil tested afi', of 63.6 kPa due to testing equipment ernarinng the 3 test.
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Figure 11. Strength envelopes for undisturbed surface samples of unburned and burned
soil and unburned, remolded soil using direct shear. The burned block outlier was due to
an observed rek in the shear plane.

Strength envelopes determined for each of the data setgure11 exhibiteda high degree of
linearity, with coefficients of determination fRranging from 0.92 to 0.99. Effective cohesion
intercepts ranged from 0 kPa for unburned remolded soil, to 6 kPa for unburned intact soil. The
effective stress fnedaadtbiurredintatsglbne unpurned renfolded soil n b u
were similar, ranging from 40A to 44A. These
Burning and remolding did not necessarily alter the mineral properties of the soil, which contribute
to frictional strength. However, burning does, compromise root strength and the action of
remolding completely removed roots. These results suggest that unburned soil can be remolded at
a representative surficial dry density and evaluated in direct &heatimate frictional strength

that would be anticipated present within the soils following a wildfire.
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2.3.4 Summary of Effects of Burning on Soil Characteristics

Considerable changes in soil physical characteristics and hydraulic and mecheopeaties
between unburned and burned soil samples were not found in this study. Similarities in surface dry
density, organic matter, field saturated hydraulic conductivity, and shear strength between
unburned and burned soil samples imply that the obdeincreases in erosion on bare burned
samples during rainfall simulations was mainly caused by the destruction of surface cover with
burning. This result is similar to that drawn by Larsen et al. (2009) who foundingos¢diment

yields were likely notlue to fireenhanced soil water repellency, but were attributed to the loss of
ground cover. Several studies (e.g. Neary et al. 1999; DeBano 2000; Doerr et al. 2000) have
suggested that observed increases in runoff and erosion following high severiines/édé due

in large part to changes in soil characteristics and properties; however, results from this study

suggest that soil properties may not change considerably with burning.
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CHAPTER 3: DISCRETE ELEMENT METH OD MODELING

3.1 Computational Details of the DEM Model

A numerical model using the discrete element method (DEM) was developed to better understand
reinforced soil behavior at a particle level. Verification of the accuracy of the DEM model will
have potential future applications tooall for rapid assessment of the controlling input parameters.
These include but are not limited to the material properties of the particles, particle size
distribution, and surface slope, the ground treatment type and associated properties, hydraulic
loading mechanisms, and other types of applied external loads without having to construct a
physical model.

The overall modeling procedure imporated within the DEM coddirst introduced in

Define system geometry,
contact model, and boundary
conditions.

Identify contacting particles
and calculate contact forces.

Enter next time step and
update boundary conditions
if required.

Calculate resultant force on
each particle.

Calculate particle
accelerations using resultant
forces.

Update particle positions.

Calculate particle
displacements and rotations
using velocities.

Integrate accelerations to
calculate particle velocities.
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Figure2 will again be briefly described and additional details are given in subsequent sections of
this chapter. The system geometry and boundary conditions are described first, as is the total range
of time over whichthe analysis will be completed. The total time duration is divided into a finite
number of time steps. For each time step, the contacting particles are identified using a contact
detection algorithm and the contact forces are calculated between intengattigyes. The
resultant force acting on each particle is calculated, including body fancesll external forces

that include but are not lined to those from gravity, hydraulic forgeend changing boundary
conditions. Using the resultant forces that act on each particle, the particle accelerations are
calculated and then integrated in time to determine particle velocities. Finally, for each time step,
the particle displacements ardatdated and the current particle positions are updated. These steps
are then repeated for the next time step where forces will most likely change based on particle
location. These steps are repeated until the final time duration has been reached.

Using he DEM model, simulations were performed on both-tivoensional disc and three
dimensional sphere models. Throughout the rest ofséision equations and algorithms that

make up the model are discussed along with discussions on why the specific nsguatio
appropriately referenced, were chosen and the associated benefits and/or limitations. For the most
part, the equations discussed are for the ttneensional analyses and the only changes made to

the equations for the twdimensional analyses are tiedlowing:

i Translational motion is restined in they direction

1 Rotational motion is restrained about ih@ndz axes; and

i The moment of inertia and volume (therefore also mass) calculations are for discs instead
of spheres.
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3.1.1Particle Kinematics

The discrete el ement model was formul ated us
the particle behavior. Each particle has six degrees of freedom; three translational and three
rotational. The expression of the equations of motion governingrahslational and rotational
dynamic equilibrium of each individual partidlevith massd and moment of inertiZ(Zhu et

al. 2007)are expressed as

=1I B I [Equation 4]

E [Equation 5]
whereu is the translational velocity, is the rotational velocity of particle "O is the contact

force andd is the contact moment acting on partictey particlej or boundary conditionsO

is the particléefluid interaction force on particlie "O is the gravitational force, artds time. The
derivatives of translational and rotational velocities with respect to time are the translational and

rotational acelerations of the particle.

The computational algorithm used in this study calculates the right hand ﬂdé‘éf B:
=|| =|| [Equation4 as the resultant force on each particle for each
time step. This force has three values (for each particle), one in each the x, y, and z directions,
which will be calledO , "O , and™O , respectively, for time stefp After these resultaribrces

are calculated, they are divided by the mass of the particle to obtain the accelerations of the particle

[Equation5 is calculated as the resultant moment on each particle for each
time step about the x, y, and z axes,, 0 , and0 respectively, and then these are divided

by the moment of inertiaf the particle to obtain the rotational accelerations. The accelerations are
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given by® ,® , and® , translational, and ,1 ,and |, rotational, and are defined as

[Equation 6]

- [Equation 7]

wherej goes from 1 to 3, with I 2=y, and 3=z This nomenclature is used throughout the rest of
thisreport

In terms of structural dynamics nomenclatimediscrete systems, the terms associated with mass
density are contained in the mass matrix, which is a diagonal matrix containing ortgnoon
entries on the diagonal (essentially the same as lumped mass matrices used in the finite element
method). Corputational space is reduced if the mass of each particle is saved in an Nx1 array,
where N is the number of particles, instead of an NxN array wittzaomvalues only existing on

the diagonals. Therefore, the acceleration of each particle can be separdtsly instead of
having to solve a system of equations simultaneously. This is a significant difference between
modeling a collection of particles and, for example, a continuous structural system where the mass
matrix is not diagonal.

The velocities ofparticlei for time stept in the x, y, and z directions) , 0 , andv |,

translational, and ,] ,and , rotational, respectively, can then be calculated using

[Equation 8]
e i [Equation 9]
whereo and are the initial translational and rotational velocities of pariigiethe

beginning of the time step (also the final velocities from the previous time ste@ianide value
of the time increment for the time step, in seconds. The initial velocities are equal to zero during

the first time step, unless a nraaro inital velocity for a particle is specified. At the end of each

timestepp ,0 ,0 ,] ,] ,and are saved as the initial velocities for the next time step.

68



Next, the translational distances that the center of eadeledravels in the time stej® ,Q ,

andQ , in the x, y, and z directions, respectively, are calculated using

: [Equation 10]
The angles of rotation of the edges of each partiele— , and— , in the X, y, and z directions,

respectively, with radiu¥ are calculated using

<
o M 4

: T [Equation 11]
Finally, the positions and edge locations of the particles areegdgtadding the distances moved

to the final locations of the previous time step,w , andd , using

Wy [Equation 12]
: - b [Equation 13]
[Equation 14
Assigning the x, y, and z locations of each particle to a time step is essential, because issues will

arise when the location of a particle is updated mid time step (i.epaftesle-particle contact is
calculated for another particle), before the particle is analyzed in the force summation loop.
Because the forces, and subsequently the accelerations, velocities, and distances, are direction
defined, negative values automaliigafollow through the calculations and the positions are
correctly updated. These calculations are repeated for every time step.

One issue that needs to be resolved in any computational scheme is determining the appropriate
value forQ oIn general, ths can be of any arbitrary magnitude. However, this value must not
exceed the critical time incrementath has been determined (O6Sull
2004) and used by commercial software TRUBAL and EDEM, beyond which solutions can
potentially ke unstable. The main reason for the instability that arises is that discrete element
modelling does not consider disturbances, say from one particle colliding with another,
propagating further than the immediate neighbors of the particle. Thereforetiméhacrement

is sufficiently small, an assumption can be made that the force propagation is negligible compared
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to the other forces in the system (Zhu et al. 200h)js assumption is used Byndall and Strack
(1979)and greatly reduces the memory negoents for DEM simulations. The limiting time
increment is defined &8 0 , which is defined for DEM simulations with spheres arteazian

contact model by (Sheng et al. 2004)

- o, <¢' ?—1 [Equation 15]

where'Y is the minimum radius of all particles in the simulation &rehd"Oare the density

and the shear modulus of that smallest partltlgwere are multiple particles with the minimum
radius and are composed of different materials, all values for density and shear modulus should be
checked so that the smallest time step will be calculated. Fihals/defined by(Sheng et al.
2004)as

) 8 h 8 [Equation 16]
where'i s the value of the Poissonébés ratio for t |

I

= IN|

[Equation 15 is derived from the Rayleigh wave

surface velocity equation, withbeing the root of an eighth order equation and approximated with

)=38 h 8 [Equation16 (Sheng et al. 2004)herefore the

critical time step calculated wif¥ +|1 > S [Equation 15 is also

>

= IN|

referred to athe Raleigh time step (Bossy and Safuryn 20TBg critical time step increases with
increased minimum radius and density of the material. If very small particles are being used in the
simulation, density scaling may be appropriatercrease the minimum time increment and make

the run times more reasonable (O6Sullivan 2011
The Raleigh time step does not take into account the relative movement of particles and the value
may turn out to still be too large to ensure numerical stpbiTherefore, if relative velocities

between particles are very high and numerical instability occurs, the time step should be reduced
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further. The Raleigh time step is only an approximation and therefore a fraction of the value is
typically used in simlations (Bossy and Safuryn 2018)sing a small fraction of the Raleigh time

step for the simulations will greatly increase the simulation time, therefore a balance must be found
and for high relative velocities between particles. This balance is typéctthe step that is0®6

of the Raleigh time step (Bossy and Safuryn 2016)

3.1.2Particle Shape

Spheres are by far the most common type of particle shape usecterdithensional DEM
anal yses ( O0Sphelet possess the2sinplds) and mfbisient method of contact
detection, which significantly @eeases the simulation time (Bossy and Safuryn 201®re are
simple calculations to determine if a sphere is in contact with other spheres or with boundaries.
Even ellipsoids, having relatiwesimple geometry, involve solving a nrtinear equatioro solve
contact r esol ut.Determinin@wh&twolude fovtlee shage @fthé particles causes
the analyst to trade between computational cost and physical practicality. For thess,reaso

spheres were chosen for the simulations performed with this DEM model.

3.1.3User Inputs

The execution of any DEM simulation requires that the following variables must generally be

known:

i Number of particles

i Number of time steps

i Time increment foeach time step

i Minimum and maximum dimensions in the x, y, and z directions

i Density, velocity profile, liquid surface tension, and contact angle of the fluid (water in
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this case)

i Gravity magnitude and directipn

1 Coefficient of restitution between patts and rigid walls

1 Global damping coefficient

1 |l ndi vi dual particle properti es shearmadllus,di ng |
and Poi s;amminds ratio

1 Dampingcoefficient for particleparticle contactorces

3.1.4Contact Forces betwedParticles

3.1.41 Contact Detection Algorithm
To save computational time, the discrete element model uses a contact detection algorithm to

determine which particles are near enough to be checked for physical contact. This allows for only
the particleghat are near each other to go through the contact force loop instead of every particle
being checked with every other particle in the packing. One way of looking at the amount of time
that can be saved is to imagine a person only having to say hellofttheir immediate neighbors,
instead of every other person on the planet. The requirements for a contact detection algorithm are
reliability, ease of implementation, &dtime and memory efficiency (Munjiza 2004)

This discrete element model uses a drased algorithm, similar to the method propobgd
Munjiza (2007) The algorithm developed here assigns cell numbers to every particle and then
only checks particles in the same or adjacent cells for contact. The grid is automatically split into
equally szed cells with size calculated as a function of the maximum particle radius present in the
simulation. For example, depending on the initial geometry of the simulation, the grid could be
composed of 1,000 cells with a 10x10x10 cell structure. Basingeth&izes off of the actual radii

of the particles being simulated, as opposed to making the size of the cells a user input or just a
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constant value, makes the algorithm more efficient. This is an advantage, because the algorithm is
written to optimize thesize of the cells to ensure all particle contacts will be detected while also
minimizing the number of particlparticle contact checks performed in the program, thereby

saving computational time.

One aspect that <coul d Ireactseteetion alaithrais thdt all ofithe at i o

cells are the same lengths in the X, y, and z directions. This would only be a limitation if a very
specific problem is being run, for example, a problem with geometry of very large sized patrticles
on one sidef a boundary and very small sized particles on the other side. Even in this case, the
contact detection algorithm will still work; however, technically the algorithm could be more time
efficient if the cells could be different sizes (e.g. smaller sizksl@antaining the smaller particles

will allow for less contact checks). This is a very specific problem and for the analyses presented
in thisreport(along with the vast majority of DEM research problems), the fact that the cells are

all the same sizesinot a limitation. The primary physical limitation is that cells should not be

smallerthanthe i ze of the | argest particle (O6Sulliv

3.1.42 Normal Contact Forces
Once two particles are found to be in the same or adjacent cells by the contact detection algorithm,

the distance between the particles is calculated. The overlap behavior of two particles coming into
contact can be seenfiigurel12. If the particles are in contact with one another, particle contact
forces exist as the particles deform. In the DEM simulations modeled for this research, particles
do notactually deform the way they would in real life, but the amount of overlap is accurately
controlled to mimic the reakorld elastic deformationsPédros and Kokocinsk2Z016) This is
considered a selphere method of discrete element modeling, as oppodeatdsphere which

does not allow for any overlap. The ssfthere approach allows for both normal and tangential
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forces to be more accurately evaluated and is the most commondppsea in current practice
(Bossy and Safuryn 2016

In Figure 12, two particles with known velocities come into contact with each other. Forces
develop, acting in opposite directions, on the particles fasmaion of the amount of overlap
between the particles, calculated based off the locations of the centers and the known radii values.
The force calculations are dependent on the chosen contact model being used in the DEM

simulation.

- = Overlap (&)

Figure 12. Soft-sphere approach allowing overlap between two contacting particl§8ossy
and Safuryn 2016).
A number of different contact models exist that can accurately model realistic material behavior.
The simplest types of contact models assume that the contact between two particles, which is in
fact a very complex nonlinear problem of solid mechanicspearepresented by a linear spring
with stiffnessv that exists between two particles as they come in contact with one another.

Because the linear spring stiffness does not have an easily intuitive relationship with respect to the
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known properties of thparticle, models have been developed to link the stiffness to the physical

particle material properties. This DEM model uses a simplified Hertzian contact model, with

stiffness fortimestep0, cal cul ated by (O6Sullivan 2011)
L« %‘o 7 [Equation 17]
where, for sphergphere contact, theed f i ci ents are cal cul ated as
] Hﬁ [Equation 18]
O - 1= T [Equation 19]
thO' - ho hy [Equation 20]
g 4= 4 WYy [Equation 21]

Here'Y is the sphere radlusO|s the elastic shear modulus,i s t he Poi ssonds r
subscriptsA andB refer to two sphere#y andB, in contact. Lastly;, is the sphere overlap for
time stept, with’Q  being the distance between the centers of the two particles at tinteastdp

calculated by

" R Wy [Equation 22]

whereQ ,Q ,andQ are the x, y, and z distances between the centers of the particles,

respectively, during time stépand calculated by

W_| o2 of [Equation 23]
W | S ﬁ [Equation 24]
W 2o [Equation 25]

The equations represented above amount to an effort to replicate the actual deformation between
two elastic spheres with a relative simple -oiraensional relationship rather than using the full
equations of thredimensional elasticity.

The normal contddorces between the particles in the X, y, and z directi@hs,O , and™O ,

respectively, fortimestepar e cal cul ated as (O6Sullivan 2011
1 L-‘iﬂt‘.i= [Equation 26]

The magnude of the distance between the particdes, is always positive, bt ,Q , and
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‘Q  can be positive or negative depending on the location of the particles relative to each other.
Therefore, the directions of the forces are constantly updated.

The simplified Hertzian contact model is effective for use in DEM simulations because the model
provides a logical basis for the link between spring stiffness and actual material properties. Also,
in general, the model can provide very efficient and accurate calculations faohesive
granular materialsBossy and Safuryn 2016

A linear model wa also used for the twdimensional disc slope stability analyses. This model is
simpler, with a constant normal stiffness simply multiplied by the overlap distance to get the forces
between particles for each time step. Additional computational detailgivaen later when the

simulations are discussed.

3.1.43 Tangential Contact Forces

This DEM model uses a simplified MindHberesiewicz tangential contact model, where the
tangential stiffness for time step  (Mindlin andDeresiewiczZ1953and VuQuoc et al. 2000}k

calculated as

Ly Lo % [Equation 27]

Because the Poissonds ratios of the particles
stiffnesses is a constant throughdhe simulation. The tangeat forces are calculated as

(O6Sullivan 2011)

e L3 :ﬂP < [Equation 28]
where] is the relative velocity bejztween the particles at tim&he integral ing

ks :ﬁ, < [Equation28 is approximated by the summation
LM aBlr « [Equation 29]
and the relative vef(r)city between the particles attimes gi ven by (O6Sullivan
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#o o'H' - ok oé o+ G5 *f o§ [Equation 30]
where’Q is the permutation tensop, and] are the translational and rotational velocities,

respectively, of particlea andb, w andw are the components of the particle centroids,and
are the contact coordinates. The tangential component is then calculated by subtracting the normal

componentofthe el ati ve velocity vector as (O6Sulliva

# 4 #o ﬁg

[Equation 31]]
The tangential forces are limite

criteria and are giver

33 O = Hy'h > [Equation 32]

where* is the friction coefficient between the particl@fe tangential forces are then added to

the normal forces and also cause moments about the centers of the particles.
The computational difficulty with the tangential forces is that the tangential displacements must
b

e

m

e

Ror mostly static simulations, the tangential force cbations can be negligible because the
summed tangential displacements are almost zero. However, because the research performed here

& investigating behavior after particles begin to roll, the tangential model is used during all
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simulations.
Once a parti@ is found to be in contact with another particle, the Elneéween thenn the X, vy,
and z directions are calculated only ofarghat time stend then storedith the same magnitude

butin the opposite directi@for the other particle.

3.1.5Boundary Conditions

Two different types of boundary conditions are considerigid wall boundary conditionanda
boundary condition novel to this DEM model, called a samass boundary condition. For
calculations performed using this DEM model, the plana&gp of the boundary condition must
be input in the following form:

+e ¢ 4 H [Equation 33
During each time step, the distances between each particle and each boundary condition are

calculated. If a particle is inontact with a boundary, the forces or displacement relationship
between the particle and the boundary are calculated. These forces and displacement relationships

are described in the following text for each boundary condition type.

3.1.5.1Rigid Wall Boundary Conditions
To determine if a particle, is in contact with a rigid wall, the distance between the center of the

particle and the rigid wall boundary condition at time $t&p i's calculated wusi
2011)
"1 %T- [Equation 34
T

whered @) ¢y andQare the components of the equation of the plane, frofdf - +B=
[Equation33, of the rigid wall boundary condition amal, &, anda , are the X, v,

and z coordinates of the center of partidle contact with the wall at time steépThis calculation
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metod is widely accepted for a sphdreundary contadqt O6 Su | | i. RigidwalbOuhdary
conditions also apply if the walls are moving. If this is the césey ¢y and'Q are adjusted
throughout the simulation. Care must be taken to ensure the time step increment is appropriate for
how fast the wall is moving (i.e. a wall must not move too much in one time step to cause particle
instability).

For

3.15.2
The

Figure

Time step =i
Saved mass =0

Figure

3.1.6

In

Damping

3.1.61
Mass damping (also called global damping), originally proposed by Cundall and @9@86k is

used for some of the simulations performed for this research. The damping is applied to the
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resultant velocities of each particle, changinge: =|=‘- <

[ Nl T :
- T - [Equation 35|
E i F 0 4

7 [Equation 36]
fhere is the mass damping coefficient.

u

3 1.6.2Particle-Particle Contact Damping
As stated before, one problem with the simplified Hertzian contact model and all contact models

that are elastic prior to yielding is that the energy dissipation that occurs phyisicaitycaptured
Pn the model .(TOeiSuelthai arises thal iDthete)is no yield by contact
8eparation, the particles will continue to vibrate like a system of connected elastic springs: Particle

particle contact damping is used to relieve this issue. In this scenario, the damping@orces,

BO , and’O , inthe x, y, and z directions, respectively, for time saesimply a reduced

contact force and calculated by

a
L0 Hﬁ%&-‘ﬂf [Equation 37]

{Vhere' is the contact damping coefficient between the particles. Firally
d

[Equation26 is changed to include the damping force by

B

Ly qd . & i” [Equation 38]

R
3.1.7Loads
5.1.21 Gravitational Loads

Bravity loading for the analyses considered in this study is significant and one of the primary
forces on the individugbarticles Gravity forces are easy to compute, require little explanation,
and are applied for all simulations.

R
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3.1.7.2 Hydraulic Forces

Forces generated by water resulting from rainfall or overland flow are the primary loads affecting
soil behavior postire. The simulatins presentedater in thisreportare tested as worst case
scenarios and one assumption made isaharland flow has developed. In this contexgrand

flow is surface runoff that occurs when excess rainwater flows over the surface of a s@hslope
this conditioncould be present for multiple reasons. For example, the soil could be hydrophobic,
fully saturated, or the rain intensity could be so large that the water does not physically have
enough time to infiltrate and starts to flow instead. Hydotyph soils are water repellant and this

can occur in burned soils because of wagpellent compound®leased by burning plants (Ravi

et al. 2009)When rainwater falls onto a hydrophobic soil during a rainfall event, the water collects
and pools on theoil surface instead of infiltrating into the ground. This will cause overland flow

to occur more quickly and cause higher erosion rates.

One simpification made for the presented simulatiasishat the particular reason that overland
flow is initiated is not a concern; the assumption is simply made that overland flow has developed
and is the driving force that moves the soil particles. One reason the assumption of overland flow
is made is beause the DEM modelevelopedere does not have the capabilities of simulating the
fluid itself, but rather only the forces the particles from the fluigs a function of particle shape,
sizes, and fluid properties. Therefore, more complicated fluidhbehwould be much more
difficult to mode) but is a possibility for future worlBecause overland flow is assumed to be the
driving force, any effects from infiltration are ignored and are not included in the simulations. If
infiltration were included, werland flowwould take longeto develop and the simulation run times
would be much larger.

At a certain point during a precipitation event, enough water will accumulate to start flowing over
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a soil slope. This will create drag forces on the particles in contact with theTi@dorce applied

by runoff water to the soil particles on the suefat a slope is influenced by a variety of factors,
such as the geometry of the slope, runoff velocity, density and compactness of tlaadsoil,
exposure of each particle to flow. Accounting for the effect of all such factors was beyond the
scope of thistsidy, and therefore several simplifying assumptions are made in the modeling of the

hydraulic drag forces.

3.1.7.21 Simplified Drag Forces: Tw®imensional Simulations

For the twedimensional discs, a simplified drag force equation was used. To adoothe fact
thatlarger particles typically have a larger surface exposed to flow, one assumption made is that
the drag force applied to surface particles is proportional to the radius of the particles. The
maximum value of hydraulic drag force on eachrtpde is the product of a scale factér,
multiplied by theradius of theparticle. Another assumption ithat the surface particles are
submerged in water and that the buoyancy force will counteract the downward component of the
drag force applied tdese particles. The drag forae particlei, with radius’Y, and at timestep

"O ,is only appied in the horizontal direction as

Wy A [Equation 39

3.1.7.2.2Drag Forces forThreeDimensional Simulations

For the threalimensional sphere slope stability analyses, a more commonly used equation for drag
force on a sphere, taking into account actual fluid properties, was Ueedrdg forcen particle

i at timesteg, 'O , is given agJulien 2010)

SLISTRESS [Equation 40]
where” is the density of the fluid (1,000 kg#rfor water),w is the velocity of the fluid flow®
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is a shape factor (0.5 for spheres), ands the projected surface area perpendicular to flow of
particlei (6  “'Y for spheres with radiu¥). To avoid sudden instabilities, simulations were
performed with the velocity of flow linearly increaginintil reaching thenaximum value. Also,

the maximum magnitude of drag force had a linearly increasing profile in the direction of depth of
slope. Details on how forces areplpd are described later in thchapterwhen the three
dimensional slope stdlty simulationsare discussed

A schematic of the drag force applied to a particle is shaviaigure14. As opposed to the disc
simulations where the drag force is applied to the center of the particles, thdithegsional
sphere simulation has drag forces thatapplied on the surfasef the particles anavill also

create a moment acting at the cemtieeach ofthe surfaceparticles about the axis into the plane.

The assumption imadethat the surface particles are submerged in water and that the buoyancy

force will counteract the downward component of the drag force applied to these particles.

Figure 14. Drag force from overland flow acting on the surface of a particle.

Surface particle identifying algorithms were written for both the 2D and 3D simulations to decide

which particles receive surficial drag forces. Details on these algorithms are dektabadthis
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reportwith examples given on the actual particle stopsed for the simulations.

3.1.8Natural RootReinforcemeirst

One of the main objectives of the research presented imejwstis to quantify how different
amounts and layouts of slope reinforcements stabilize soil slopttss DEM mode| numerical

spring forces are used to simulate roots and other organic matter stabilizing the slopes. This is done
by connecting the centers of surface particles to centers of deeper particles by springs with a
specified stiffnessThe connected surfagearticles arereferred to as reinforced particleA.
schematic of this is shown Figure 15, with the black lines representing the springs connecting

surface particles to particles below the surface of the slope.

Figure 15. Schematic of numerical springs used to represent natural roots using the DEM.
The spheres aresoil aggregate particles and the black lines represent the numerical
springs.
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Initially there are no forces between reinforced partidlea manner similar to that of a spring, as

the surface particles begin to flow and the distances between théegagtiow (i.e., the spring
extends), forces are developed that act to hold the surface particles in place. Physically, this
represents a root, or other type of vegetatimmdedo the particles, acting to reinforce them and
stabilize the slope. Althougtxact forces between soil particles and connected roots have not been
guantified, an assumption mafe the simulationss that the root stiffness is much larger than the
particleparticle contact stiffnesses. Numerically, the spring forces simply actidathe surface
particles in place. As an example, the forotethe DEM modelwill behave similarly to when
weeds are pulled and soil clumps are conneatdite roots. If one soil clump is pulled away, the
particles will beheldby the connected root stem.

Once the model recognizes that two particles are connected by a numerical spring, the forces

between them (can be tensile or compressi@), ,O , and"O ,inthe x,y, and z

directions respectivelyare calculated vergimilarly to= =

[Equation26, by

| R

ATmr i | 5V e s Iﬁ I’ [Equation 41]
Here0 is the spring stiffness, is the current distance between the partitles,
is the distance between the particlest=@, andQ , Q , and Q are the

components of the current distance between the particles in the x, y, and z directions.
T

h
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distance between the particl@berefore there are no spring forces geteerbetween the particles

until they start to move.

3.2
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